Anonymous probes from the genome of Halobacterium salinarium GRB and 12 gene probes were hybridized to the cosmid clones representing the chromosome and plasmids of Halobacterium salinarium GRB and Haloferax volcanii DS2. The order of and pairwise distances between 35 loci uniquely cross-hybridizing to both chromosomes were analyzed in a search for conservation. No conservation between the genomes could be detected at the 15-kbp resolution used in this study. We found distinct sets of low-copy-number repeated sequences in the chromosome and plasmids of Halobacterium salinarium GRB, indicating some degree of partitioning between these replicons. We propose alternative courses for the evolution of the haloarchaeal genome: (i) that the majority of genomic differences that exist between genera came about at the inception of this group or (ii) that the differences have accumulated over the lifetime of the lineage. The strengths and limitations of investigating these models through comparative genomic studies are discussed.
In recent years much effort has been devoted to genomelevel analysis among prokaryotes (11, 15) . Most of this effort involved the use of pulsed-field gel electrophoresis (PFGE), either in the construction of physical maps or in the direct comparison of restriction fragment patterns. The latter method allows for a large number of genomes to be quickly and relatively easily compared but suffers from poor resolution, although it has been useful in the typing of strains (18, 22, 32) . A large number of studies have been conducted by using PFGE to construct physical maps (for a review, see reference 11). Most often, genetic markers are then localized to specific regions of the map through hybridization, allowing the investigation of gross rearrangements at the genomic level. Genetic loci occurring on the same restriction fragment, however, cannot be ordered on the map, masking any differences in their arrangement. This limitation restricts such comparisons to closely related genomes.
The majority of genomic comparisons performed to date have used PFGE-derived maps to compare genomes at the strain or species level. The results of these comparisons have prompted their division into two groups (15) , organisms with highly conserved genetic maps and those with divergent maps. Examples of members of the former group include Escherichia coli and Salmonella typhimurium (40) , Borrelia spp. (6, 36) , Clostridium perfringens (3), Lactococcus lactis (28) , Mycoplasma spp. (26, 37) , and Streptomyces lividans (27) . Members of the second group include Bacillus spp. (4, 5) , Rhodobacter spp. (16) , and Leptospira interrogans (48) . The criteria for deciding in which group a comparison will be included have not been rigorously established, however. Typically, no objective measure is used to determine the degree of similarity between genomes, which makes relating the results of one comparison to those of another problematic. Indeed, genomes showing a moderate number of differences could be considered either conserved or divergent, depending on the context of the study.
Of the more than 100 chromosomal maps available, only 10 are from members of the domain Archaea. To date, three archaeal genomic comparisons have been performed, one between two methanogens (46) and two between different members of the haloarchaea (19, 31) . The most detailed maps among the Archaea are derived from the extreme halophiles. Maps of ordered cosmid libraries are available for Haloferax volcanii DS2 (8) and Halobacterium salinarium GRB (47), while highly detailed macrorestriction maps constructed by using two-dimensional gel electrophoresis are available for two additional strains of Halobacterium salinarium (19) . The higher resolution of these maps compared to what is achieved with standard PFGE maps allows for more detailed and potentially informative comparisons to be made.
Comparison among the three Halobacterium salinarium strains showed almost complete conservation in the physical maps, with many identical restriction sites being found in all three. Only two variable regions were identified, the first spanning 240 kbp involving numerous changes to the restriction map, a large insertion-deletion, and an inversion and the second an insertion-deletion spanning approximately 10 kbp (19) . While one would normally expect such conservation when looking at strains of the same species, the genetic instability of two of the strains in the comparison did not make this a forgone conclusion. Many strains of Halobacterium salinarium harbor active insertion sequences of different types in up to hundreds of copies (42) . These elements are known to cause frequent insertional inactivation of chromosomal and plasmid genes (7, 12, 13) . For some time, the genetic instability of Halobacterium salinarium was assumed to apply to the physical map as well (43) . We now know that the map can be preserved despite the potential for rearrangement. Among members of the domain Bacteria, chromosomal rearrangements between repeated DNA sequences, both rrn operons and insertion sequences, are not uncommon (25, 29, 48) .
A second comparison involving two halophilic Archaea of different species, Haloferax volcanii and Haloferax mediterranei, also found highly conserved maps (31) . In this case, two inversions (one involving the two rrn operons found in this genus) and one transposition involving a single locus were found, while the BamHI restriction maps of the two chromosomes were completely different, as expected from interspecific sequence divergence. Because only a macrorestriction map exists for Haloferax mediterranei, some of the 35 probes used could not be ordered on its map. Within the resolution of the comparison, however, no other differences could be detected. This is despite the fact that Haloferax volcanii is known to possess active insertion sequences, although not in the same numbers as in some strains of Halobacterium salinarium (7, 44) .
Because of the degree of conservation found in these two comparisons, we wished to discover if similar conservation applied to more distantly related halophilic Archaea. If the maps were conserved, an alignment would allow us to localize the homologs of cloned genes whose sequences might have diverged too much to be accessible through hybridization or PCR. Whether the maps were conserved or scrambled, the comparison would provide useful data for the study of forces which maintain or disrupt gene order (9) . Of particular interest were the tempo and mode of genome-level change, set in a phylogenetic context. Such quantitation required implementing analyses which could provide a more objective measure of the degree of similarity between the genomes being compared than have been used in the past. The availability of detailed maps and cosmid libraries for the chromosome and plasmids of Haloferax volcanii DS2 and Halobacterium salinarium GRB made these two organisms the logical choice for this next haloarchaeal genomic comparison.
MATERIALS AND METHODS
Archaeal strains and cosmid libraries. DNA was obtained from the previously prepared ordered cosmid libraries of Haloferax volcanii DS2 (8) and Halobacterium salinarium GRB (47) . These libraries included the chromosomes and the three largest plasmids found in each archaeon.
DNA dot blot and Southern blot preparation and hybridization. Dot blots were prepared by using the minimal cosmid libraries of Haloferax volcanii DS2 and Halobacterium salinarium GRB. Approximately 50 ng of each cosmid was mixed with an NaOH solution to a final concentration of 0.4 M and spotted onto GeneScreen nylon membranes (DuPont). For Southern blots used to verify ambiguous dot blot signals, cosmid DNA was digested with MluI, BamHI, or a combination of both enzymes. Southern blots also used GeneScreen membranes and were prepared with approximately 0.5 g of cosmid DNA per lane. DNA was transferred to the membranes by using a Tyler VT-20 vacuum transfer unit according to Tyler's protocol.
Hybridizations were performed as described in reference 47 with some minor changes. The prehybridization and hybridization temperatures were always 40ЊC, while the 1-h wash with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1% sodium dodecyl sulfate was done at 70ЊC. Most probes were fragments prepared from cosmid DNA digested with MluI, BamHI, or both and isolated from agarose gels by using GeneClean (Bio101). Twelve genes cloned from various organisms (listed in references 8, 31, and 47) were also used as probes. In both cases probes were prepared by the random-priming method.
For higher-resolution mapping of the six pairs of probes that could not be ordered with the dot blots, Southern blots of the relevant cosmids plus flanking cosmids were prepared. Cosmids were digested with various combinations of one, two, or three of the following enzymes: BamHI, BglII, DraI, EcoRI, HindIII, MluI, and SspI for Haloferax volcanii cosmids and AflII, BamHI, BglII, EcoRI, HindIII, MluI, and XhoI for Halobacterium salinarium cosmids. Each Southern blot was then hybridized with the appropriate pair of unordered probes. Partial restriction maps of the cosmids were prepared by using data from the digestions and the hybridizations so that the probes could be ordered on the genome.
Computer and statistical analysis. The computer program DERANGE II (provided by M. Blanchette and D. Sankoff, Université de Montréal) was used to determine the number of changes (inversions, transpositions, and inverted transpositions) necessary to transform one chromosome into the other given the order on each chromosome of a set of homologous loci. Data were run through DERANGE II with a variety of parameters: values of 4, 5 and 6 were used for "look ahead," while weights for transpositions and inverted transpositions were 1, 2, 2.5, 4, and 10. Values of 1 for inversion weight and 0 for length coefficients were used in all cases. The results were compared with values obtained by using 100 random permutations, and the significance level of the difference between the experimental and random results was calculated as 1 plus the number of randomized permutations having a "total cost" or "total number of moves" less than or equal to that for the experimental data, divided by 1 plus the number of randomizations. Total cost and total number of moves are values produced by DERANGE II that measure the degree of divergence between two DNA segments.
The performance of DERANGE II was tested with permutations containing known numbers of inversions. Successive random inversions were introduced into permutations of 35 loci until a total of 60 inversions had been done. Ten such sets of permutations were constructed. DERANGE II was then used to solve each permutation, and the results were averaged between sets. For this test, look ahead was set to 6 and transposition and inverted transposition weights were set to 2.5 or 10.
Conservation in the distances between loci on the two chromosomes was investigated by calculating every pairwise distance between the loci included in the test. These values were plotted, and a regression analysis was performed to look for any correlation between the two chromosomes.
RESULTS

Hybridization of probes to dot and Southern blots.
The ordered cosmid libraries of Haloferax volcanii DS2 and Halobacterium salinarium GRB were used to prepare DNA dot blots representing the chromosome and the three largest plasmids of each genome: pHV4 (690 kbp), pHV3 (440 kbp), and pHV1 (86 kbp) for Haloferax volcanii and pGRB305, pGRB90, and pGRB37 for Halobacterium salinarium. Halobacterium salinarium cosmids were digested with MluI, BamHI, or both enzymes, and selected anonymous fragments were used to probe the dot blots. Positive controls consisted of hybridization to the cosmid from which the probe was taken, and an equimolar amount of lambda DNA provided the negative control.
DNA for probes was taken from Halobacterium salinarium because it possesses fewer repeated sequences than does Haloferax volcanii (47) , making interpretation of the results simpler. Also, there was concern that many probes from the 4.1-Mbp Haloferax volcanii genome would not hybridize to the 2.5-Mbp Halobacterium salinarium genome. A total of 143 anonymous probes ranging in size from 0.4 to 16 kbp were hybridized in this way, 120 from the chromosome of Halobacterium salinarium and 23 from its plasmids. Probes were as evenly distributed around the genome as possible (usually two probes per cosmid). In addition to these, 12 previously cloned genes were hybridized to both genomes. The dot blots allowed the hybridization signals to be localized to roughly a third of a cosmid, either the middle nonoverlapping portion, or within the regions of overlap with neighboring cosmids. This provided average resolutions of 15 kbp for Halobacterium salinarium and 14 kbp for Haloferax volcanii, depending on the sizes of the individual cosmids and the degrees of overlap with their neighbors.
Of the 143 anonymous probes that had been hybridized to the dot blots, 74 were found to give ambiguous hybridization signals (Fig. 1) . To resolve these ambiguities, sets of Southern blots were prepared which included every cosmid showing an equivocal signal for a particular probe on the dot blots, plus positive and negative controls. We confirmed or refuted signals from 46 probes in this way.
In six instances, a pair of probes from different parts of the Halobacterium salinarium chromosome hybridized to a common locus. To dissect these signals, Southern blots of cosmids from the four unresolved loci on the Haloferax volcanii chromosome and the two on the Halobacterium salinarium chromosome were prepared. Single, double, and triple digests of the cosmids allowed partial restriction mapping of these cosmids, ordering three pairs of signals.
From the total of 155 hybridizations performed, 127 gave reliable results after the additional screening described above (Table 1) . Of these, 70 probes cross-hybridized between the two genomes, including 12 gene probes. The sensitivity of the hybridization procedure used was tested by hybridizing a probe for ISH51 (the best-characterized insertion sequence family in VOL. 178, 1996 COMPARISON OF HALOARCHAEAL GENOMES 3861
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Haloferax volcanii [10] ) to the dot blots of both genomes (Fig.  2) . No signals were observed for Halobacterium salinarium (strain GRB lacks the closely related ISH27 found in some other strains [39] ), and all but one previously identified copy of the element (10) was found in Haloferax volcanii. Since ISH51 sequences can differ by at least 15% (20) , this demonstrated that the procedure being employed could find homologous though divergent loci. Repeated sequences. Twenty-nine probes gave multiple signals on one or both genomes (never more than five per genome) (Fig. 3) . In a previous study using whole cosmids as hybridization probes (47), we identified five duplicated sequences in the Halobacterium salinarium GRB genome, four of them within or between plasmids. In that survey, hybridizations involving all cosmids representing plasmid DNA and cosmids representing 40% of the chromosome resulted in the conclusion that this strain's genome is quite repeat poor, in contrast to those of most other characterized strains. Here, our probes sampled 19% of the genome: 20% of the chromosome and 14% of the plasmid sequences. Ten of the 113 chromosomally derived probes hybridized to between two and five loci in the chromosome (none hybridized to plasmid DNA), whereas 6 of the 14 plasmid-derived probes hybridized to two or three plasmid loci and another plasmid-derived probe hybridized to a single chromosomal locus. We previously found that probes prepared from restriction fragments could be more sensitive than those prepared from whole cosmids (31); hence, the increased detection of repeated sequences is not surprising. A greater specific activity as well as a dissection of compound repeats may well be the explanation.
Extrapolating from the present study, we can estimate the repeat content within the Halobacterium salinarium GRB genome to be approximately 50 low-copy-number repeats in the 2.03-Mbp chromosome and another 50 in the 0.43 Mbp of plasmids. Besides intragenomic repeats, 21 chromosomal probes and 1 plasmid probe hybridized to between two and four loci in the Haloferax volcanii DS2 genome (Fig. 3) . Ten of these 22 probes gave multiple signals in both genomes. We do not know the nature of the repeated sequences; they may represent gene families as have been documented for the haloarchaea (1, 17, 21, 23, 41) , insertion sequences (especially in the plasmids [7] though of uncharacterized types [14] ), or other repeat sequence structures (34) .
Cross-hybridizations. Seventy of the 127 probes giving clear hybridization results linked homologous loci between the two genomes (Fig. 3) . It is likely that the 57 probes uniquely hy- Analysis of comparison data. An overview of the chromosomal comparison led us to believe that extensive rearrangements had occurred but that some conservation remained in certain regions. The 35 probes producing one signal on each chromosome were used in analyses designed to quantify this impression.
The first analysis used the program DERANGE II (2, 24), which determines the minimum number of moves (using inversions, transpositions, and inverted transpositions) needed to transform one set of ordered loci into another. DERANGE II measures similarity in terms of total cost (where each move adds a set value to the total, with transpositions and inverted transpositions costing more than inversions) and number of moves (the total number of all moves needed for the transformation). Although DERANGE II can deal with circular DNA molecules, it inputs the order of loci as a linear set. In case this has an effect on the outcome of the analysis, each of the 35 circular permutations of loci was run through DERANGE II with the set of parameters listed in Materials and Methods. These results were compared with 100 randomized permutations of 35 loci (Fig. 4) . Figure 4 shows results for total cost, which are similar to those given by number of moves (data not shown), indicating that there was no statistically significant (P Ͼ 0.14) difference between the randomized and experimental data.
In order to test how many changes between the two chromosomes were needed before DERANGE II would find no conservation, we had DERANGE II solve permutations of 35 loci with known numbers of inversions (Fig. 5) . A linear relationship between total cost and the number of inversions is seen initially, eventually reaching a plateau. After roughly 40 steps, further inversions cease to have an impact on the ability of DERANGE II to solve the permutation. The total cost to solve random permutations of 35 loci closely follows this plateau, as does the total cost to solve the experimental data. Substituting number of moves for total cost gives identical results.
Another analysis of the experimental data involved determining whether conservation in the distances between pairs of loci within each chromosome exists. The position of a locus was estimated to be the center of the portion of the cosmid to which the probe hybridized. In a regression analysis (Fig. 6 ), no significant difference between the random and experimental data was found (r 2 ϭ 0.0148).
DISCUSSION
There is no conservation in the order of loci on the chromosome or in their pairwise distances in the genomes of Halobacterium salinarium GRB and Haloferax volcanii DS2. Although a lower density of homologous connections between Halobacterium salinarium chromosomal DNA and Haloferax volcanii megaplasmid DNA than between the two chromosomes was observed, more than one in six chromosomal probes found a plasmid homolog. Genomic rearrangements which encompass all major replicons, shuffling loci between them, have occurred. The nature of plasmid-encoded loci is still unknown, however, except that few identified genes map to them (10) . Probes hybridizing between plasmids and between chromosome and plasmids tended to confine themselves to FII and FI regions of plasmid DNA (8, 47) , respectively.
Half of all cross-hybridizing probes found repeated sequences, numbering between two and five copies. These can include gene families, insertion sequences, and noncoding repeats. Insertion sequences concentrate in FII DNA (10, 38) , and haloarchaeal plasmids are often FII (8, 47) , but Halobacterium salinarium GRB is a genetically stable isolate (45) without any of the known Halobacterium halobium-type insertion sequences (14) . Still, it is likely that the FII repeats are inser- 
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at Penn State Univ on April 16, 2008 jb.asm.org tion sequences, albeit of new types, since haloarchaeal repeats are often insertion sequences (20) and insertion sequences cluster in FII (10, 38) . We have observed the rare sectored colony of strain GRB, indicative of their presence and activity. We postulate that Halobacterium salinarium ancestrally maintains an adapted set of moderate insertion sequences but that the Halobacterium halobium-type strains recently inherited novel virulent types now wreaking havoc in their genomes. Repeated sequences (especially insertion sequences) are often more conserved between haloarchaeal genomes than are unique sequences (39, 42) . Our hybridization-based survey naturally demanded detectable, hence conserved, signals and may have overemphasized mobile genetic elements in the comparison and alignment. If strain GRB has been insulated from recent horizontal acquisition of novel insertion sequences, as evidenced by its lack of the most potent types, the multicopy signals are more likely members of older gene families.
Fifty-seven of 127 Halobacterium salinarium probes did not hybridize to the larger Haloferax volcanii genome. The lack of success of this 45% of the anonymous probes can result from major differences in genetic inventory between the species or from sequence drift beyond the threshold of detection by hybridization. This has consequences relevant to the interpretation of comparative genomic analyses such as the one presented here. Suppose, for instance, that a pair of duplicated genes map to parallel loci in two genomes. A probe including one of these genes would find both the paralogous and orthologous copies, revealing the duplicity. The hybridization may not give an indication of which copy is the ortholog, resulting in an inability to use that probe's results in a chromosomal alignment. If, however, sequence drift occurs such that only the intergenomic paralogous pair is detected by hy- at Penn State Univ on April 16, 2008 jb.asm.org bridization (unlikely but possible if the copies are truly redundant and not under divergent selective pressures), a false genomic rearrangement is observed. Especially misleading and more common would be the cases in which alternate orthologs are deleted, leaving only a paralogous pair. Forty-five percent of our probes did not cross-hybridize, and 50% of those that did found multicopy loci.
Probes not cross-hybridizing were evenly distributed about the Halobacterium salinarium chromosome, and probes which did cross-hybridize found signals evenly distributed about the 44% larger Haloferax volcanii chromosome. Either there have been multiple small insertions or deletions in one genome relative to the other, or larger blocks have been scrambled by recombination. The latter scenario requires a more ancient origin of the chromosomal size difference. Although the Halobacterium mediterranei chromosome matches that of Haloferax volcanii in size (30) , implying constancy since their divergence, a comparison within strains of Halobacterium salinarium (19) revealed recent small insertion-deletion events. Thus, neither mechanism can be excluded at this time.
There are now three haloarchaeal genomic comparisons available, at three phylogenetic depths: intraspecific, interspecific, and intergeneric. The first two demonstrated genomic stability, which is remarkable given the potential for disruption in haloarchaeal genomes. The present study found no amount of conservation in the order of loci. It is likely and expected that some assortments of genes have been maintained, especially operons. Macrorestriction maps were sufficient to align the genomes of Haloferax volcanii and Haloferax mediterranei (31) , and they were ideal in the alignment of Halobacterium salinarium genomes (19) . Here, we leap from an estimated interspecies divergence of 80 million years (31) to very roughly 600 million years, on the basis of a 16S rRNA divergence of 12% (33) and a clock rate of 1% per 50 million years (35) . True rearrangement as well as complications involving gene families and sequence divergence (described above) effectively prevent chromosomal alignment, even with the use of high-resolution contig maps and a program like DERANGE II. It is important to remember that the Halobacterium and Haloferax genomes are derived from a common ancestor. Although extensive rearrangement, the full elucidation of which will require sequence-level comparison, was observed between them here, this rearrangement is a process driven by a balance of forces. What does it mean that these genomes have shuffled the order of their genes at a scale finer than our mean resolution of 15 kbp? Or indeed have they done so, given that we could have been misled by the dynamics of gene family sequence divergence?
We entertain two models of genomic restructuring: gradual and punctuated. The gradualist would see the process of rearrangement as a function of time. A more saltatory mode of genome evolution would see the genome abandon its map for another as a consequence of wholesale selection for an altered pattern of gene expression (9) . Our present data, which are It is useful to address this issue of tempo, since rearrangement can effectively block recombination and thus contributes to speciation. Biodiversity, even among microbes, is a necessary component of survival and provides the foundation from which adaptations and innovations can arise. If the haloarchaeal genome was designed at the base of their evolutionary radiation into (currently) eight genera through massive adaptive reorganization of an ancestral genome, there should essentially be eight maps. On the other hand, if rapid genomic reengineering did not coincide with the founding of the haloarchaeal lineage but rather has evolved to its present state through occasional rearrangements, there will be many maps which together may help us to construct detailed phylogenies and to recount the history of genomic events. The punctuated model would likely provide few clues in this direction, since the events would be condensed into a short span of time, and would effectively block a view beyond the origin to the earlier parent.
The lesson learned in this experimental study has been that, at least in the haloarchaea, genomic change is complex. Therefore, further studies should focus on fine detail in one or a few specific regions of the genome, with the assumption that similar things are happening elsewhere in the genome. Sequencelevel comparisons can be used to measure the rate of genomic change relative to sequence divergence in many members of a lineage, although a reference sequence of an entire genome would be useful in order to solve the problem of paralogy.
Data need not be so extensive or so expensive as those obtained by genomic sequencing in order to answer many pertinent questions. The present study does, however, illustrate the need for tests to measure objectively the degree of similarity when genomic comparisons are performed. To date, most comparisons have involved low-resolution PFGE maps of closely related organisms, usually of the same genus or species. The small number of common loci used in these comparisons often makes the degree of similarity present easy to determine simply by looking at the data. Examples of comparisons in which many loci were used, such as those with E. coli and S. typhimurium (40) and Rhodobacter capsulatus (16) , showed clear-cut results. Such easily interpreted results are unlikely to make up the majority of future comparisons. The need for many cross-hybridizing signals in a comparison, at the highest possible resolution, is also clear. This becomes more important as the phylogenetic distance between the compared genomes increases, as shown by the present study, sometimes even necessitating large-scale sequencing. The existence of whole genome sequences of both prokaryotes and eukaryotes will encourage comparisons between distantly related genomes. These comparisons will have the most to gain from tests such as those performed in this study as well as future generations of increasingly sophisticated analytical tools. The move towards more objective measures and methodologies will be a necessary step if comparative genomic studies hope to answer any but the most vague questions about genomic level change and evolution.
